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1. Introduction

Comparison of observables with theory:

Precision data: Theory:
My, sin? Ogs, ay, < | SM, MSSM , ...

Y

Test of theory at quantum level: Sensitivity to loop corrections, e.g. X

SM: limits on My

Very high accuracy of measurements and theoretical predictions needed
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Example: Prediction for My, in the SM and the MSSM

[S.H., W. Hollik, D. Stockinger, G. Weiglein, L. Zeune '12]
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Example: Prediction for My, in the SM and the MSSM :

[S.H., W. Hollik, D. Stockinger, G. Weiglein, L. Zeune '12]
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Example: Prediction for My, in the SM and the MSSM :

[S.H., W. Hollik, D. Stockinger, G. Weiglein, L. Zeune '12]
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Example: Prediction for My, in the SM and the MSSM :

[S.H., W. Hollik, D. Stockinger, G. Weiglein, L. Zeune '12]

80.60

80.50 -

M,, [GeV]

80.40

80.30 -

- experimental errors 68% CL.:

LEP2/Tevatron: today
LHC: future
ILC/GigaZ

M, =123 .. 127 GeV, -

SM|M,, = 127 GeV

MSSM, M, = 123..127 GeV

SM, MSSM
Heinemeyer, Hollik, Stockinger, Weiglein, Zeune '12

168 170 172 174 176 178
m, [GeV]

MSSM band:
scan over
SUSY masses

overlap:
SM is MSSM-like
MSSM is SM-like

SM band:
variation of MM

Sven Heinemeyer — Snowmass preparation workshop, BNL, 04/05/'13



What about the ERRORS 7
Three different types of errors:

Experimental error (= included in the figure):

— current error

— future expectations

= sets the scale, has to be matched by other errors

Theory error:

= error due to missing higher order corrections
— only estimates possible

— even more complicated for the future

Parametric error:

— current uncertainty in the prediction due to error in the input parameters
— future uncertainty

= focus on SM parameters

= derive information about (unknown) SUSY parameters
(SUSY parametric uncertainties highly model dependent)
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Precision observables in the SM and the MSSM
Mw, Siﬂ2 Qeff, Mh! (g — 2),“' b physics,

A) Theoretical prediction for My, in terms

of My, o, Gy, Ar:
2 - T )
Mg (1- ) = (1+ Ar)

loop corrections

Evaluate Ar from p decay = My,

One-loop result for My, in the SM:
[A. Sirlin '80] , [W. Marciano, A. Sirlin '80]
2

A7“1—I00|o — A« - ET://VVAP +  Arrem(Mpg)
M
~ 6% ~ 3.3% ~ 1%
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Precision observables in the SM and the MSSM
Mw, Siﬂ2 Qeff, Mh! (g_Q)M' b physics,

A) Theoretical prediction for My, in terms

of ]\4'27017 G,LL) Ar:
12 (1 Aﬁ% o (14 Ar)
W — .
v M2 ) V2G,
)

loop corrections

B) Effective mixing angle:
o 1 (1 Reg‘f/>

¢ 2
sin< 6 ff— ———
y 41Q | /

Re gy

Higher order contributions:
gxf/ — g{} + Agé, gfg — gf:l + Ag£
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Corrections to My, sin? 6.+ — approximation via the p-parameter:

p measures the relative strength between
neutral current interaction and charged current interaction

! _27(0) EZw(0)
—1_ A, Ap=—r" """

P
(leading, process independent terms)

Ap gives the main contribution to EW observables:

M ca _ ca, 52
AMy = =W A, Asin? 68~ — SWW A
t,b 7'5:,'6
1% vov o/ A

22 %Y | | 2%

Ap>YSY from /b loops >0 = MYSY > MM
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Experimental errors of the precision observables:

today | Tev./LHC | LC GigaZ
§sin? Or(x10°) | 16 16 -~ 1.3
S My [MeV] 15 <15 10 7
dmy [GeV] 0.9 <1 0.2 0.1

Relevant SM parametric errors: 6(Aapsg) =5 x 1072, §My, = 2.1 MeV

5mt =2 5mt =1 (5mt = 0.1 5(Aahad) 5MZ

§sin? Oar [107°] 6 3 0.3 1.8 1.4
A My [MeV] 12 6 1 1 2.5
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Current and future errors:

exp __ — —4
Current: 5mt = 0.9 GeV, 5(Aozhad) = 3.5 x 10
SM : MY ~ +4 MeV, §sin? R ~ +4.7 x 1075
: th : th —
MSSM : §M7 %Y ~ £(5 — 10) MeV, §sin?0 oY ~ +(5—-7) x 107>
Sme:  SMPE™@ =~ 45.5 MeV, §sin? 0P ~ 47 x 107°
S(Dapaq) :  IMPI™ =~ £6.5 MeV, §sin? 0P ~ 413 x 107°
SMP ~ £15 MeV, §sin? 5P ~ +£16 x 107>
Future:
SM : MY > + 2 MeV, §sin2gtheory > 4 5 5 1075
MSSM : MY > 4 (3 — 5) MeV, §sin?9he°Y > + (2.5 - 3.5) x 107°
Sme:  SMBEI ~ +1 MeV, §sin? P2 ~ +0.4 x 107>
. ara . 2 pPpara —5
§(Aanag) 1 MF" & +1 MeV, §sin“ 65 @ ~ +1.8 x 10
(GigaZ] 1 MG =~ +7 MeV, 5sin? 05 P ~ £1.3 x 107>
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Indirect determination of ME[MZ

29
= My = 94127 Gev

My < 152 GeV, 95% C.L.

Assumption for the fit:
SM incl. Higgs boson

= no confirmation of
Higgs mechanism

6 March 2012 m i = 152 GeV
S —
5 Aaﬁa)d =
— 0.02750+0.00033
----- 0.02749+0.00010
4 - -+ incl. low Q data
3 -
2 -]
1 -]
{LEP LHC
0 excluded i excluded
40 100 200
m_, [GeV]

= Higgs boson seems to be light, My < 160 GeV
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Improvement in the Blue Band plot:

© @) o}

o™ (qV —i @)
NN AR RN RN AR RN RRRRN RN RRRRN AR o_.w
" " " 72 " i
| | 2 |
B 1 1 m m 1 7
- " " S S 1o
| | R B K=
| 1 ! o> N~ .
| I I > m 1 ! i
Tee | o
- L - 2 ESY S
| " Yo, &@m\ " 0 olp ~ " ]
& T, 9 _ ScE g Q
_QQQ e, \N\ ! = = (\G ! — O
S ~, (S | o | ol
I O.\Q ., «\..\\V 1 — < 1 .
o Iy *e O ! =2 v !
0 1 _ >0 ]
B ..an.\\kww\\.\\.\.\ e ! | 7
1 p ‘e 1 1
i | m.\i_w\.\.\\.\\.\mw.\m.vm\x« T | IE=
! .NowQ 199054 v, R
! mo.\Q L7205 5% ~, ! N
B ! 27 x.&(.\\m.w.w > .. ! _
" L, X "

o ~ © 1 < oM N - O

10
9

10

My [GeV]

Sven Heinemeyer — Snowmass preparation workshop, BNL, 04/05/'13

(note: artificially MM = 120 GeV)



2. EWPO in the CMSSM = see back-up for definitions

e Electroweak precision observables (EWPO) ?
e B physics observables (BPO) 7

e Cold dark matter (CDM) 7

= combination of EWPO, BPO, CDM 7
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2. EWPO in the CMSSM = see back-up for definitions

e Electroweak precision observables (EWPO) ?
e B physics observables (BPO) 7

e Cold dark matter (CDM) 7

= combination of EWPO, BPO, CDM 7

EWPO My, : information on my, my OrF My, tanpg or . ..

EWPO (g — 2), : information on tan g and/or m.o, mg+ and/or mg, my

X X Vu

BPO BR(b — sv) : information on tan g and/or M+ and/or mg, Mg+
CDM (LSP gives CDM) : information on Mo and mz or My or ...
1
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2. EWPO in the CMSSM = see back-up for definitions

e Electroweak precision observables (EWPO) ?
e B physics observables (BPO) 7

e Cold dark matter (CDM) 7

= combination of EWPO, BPO, CDM 7

EWPO My, : information on my, my OrF My, tanpg or . ..

500 Mg and/or mz, mg,

BPO BR(b — sy) @ information on tan g and/or Mg+ and/or mg, mg=

EWPO (g —2), : information on tan s and/or m

CDM (LSP gives CDM) : information on Mo and mx= or My or ...
1

= combination makes only sense if all parameters are connected!
= GQUT based models: CMSSM, NUHM1, ...
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Testing SUSY with m; and My,

Sensitive test of any model:

Fit m; and/or My, and compare with experimental values:

my P = 173.14+ 1.3 GeV
80.399 4 0.023 GeV

S
%
|

[LEPEWWG '09]

fit,SM,excl. M 13.3
[ TeVEWWG "09] my W =172.67{57 GeV
Ilt SMiincl. My, __ — 179 3—|—11 .6 GeV

M EeMExEl T — 80,363 + 0.032 GeV
MyERMINCL e — 80 364 4+ 0.020 GeVv

= non-trivial success of the SM
= quantum corrections up to two-loop needed

Sven Heinemeyer — Snowmass preparation workshop, BNL, 04/05/'13
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My, fit: My, not included, my; fit: m; not included

(SM fit: My not included — CMSSM/NUHML1 fit: M, included) [2009]

Top-Quark Mass [GeV] W boson Mass [GeV]

I | I I I I I I | I
T T T T | T T T T | T T T T | T T T T T T
Exp. average 1731+ 13 Exp. average 80.399 + 0.023
: SM fit 80.363 £ 0.032
SM fit A +11.6
1793,
. +0.013
CMSSM fit 173.8752 CMSSM it 80379 o014
N . +0.024
NUHM1 fit 169.5 _sf NUHML fit 80.370 ;014
1 1 1 1 | 1 1 1 1 | 1 1 | 1 1 1 1 | 1 1 ] | ] ] | | | | |
150 160 170 180 190 80.3 80.4 80.5
m, [GeV] M,, [GeV]

= CMSSM and NUHM1 fit amazingly well m; and My,
= better than the SM: smaller errors, better best-fit points
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3. EWPO in the MSSM

Questions:

1. Can one model be favored over the other now?

2. Can one model be favored over the other with LC/GigaZ precision?

3. Can certain MSSM parameters be favored by the EWPO?

= focus on My, and sin? ¢
= Mmost precise and best calculated EWPO in the MSSM

Sven Heinemeyer — Snowmass preparation workshop, BNL, 04/05/'13
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Prediction for sin? 6. in the SM and the MSSM :
[S.H., W. Hollik, A. Weber, G. Weiglein 07

02335 B I I I I I I I I | I I I I | I I I I | I I I I ]
. experimental errors 68% CL: ]
0.2330 - LEP2/Tevatron (today) —
i . MSSM nd:
B Tevatron/LHC i SS band
0.2325 L — ILC/GigaZ ] SCan over
: SUSY masses
= i
S - overlap:
£ i P
n

SM is MSSM-like
MSSM is SM-like

0.2310

SM band:
variation of M3M

SM
MSSM
both models

0.2305

Heinemeyer, Hollik, Weber, Weiglein '09

02300 ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ]
160 165 170 175 180 185

m, [GeV]
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Scenario with no SUSY particles at the LHC:

S 5 para-ILC
. . . . i (MHSM = Mthsm)

— sin? fgfr investigation ) ——————————————————
— SPS 1a with heavy scalars e e e
02315} e =

- i (sin6,,) " =today £ 0 ]

SM prediction o ,
Vs < oosul- /y SPSta +g™*'¢ i
MSSM (SPS 1a) prediction |

VS. 0.2313 -

SPS

L C resolution

squarks & gluinos: M_ =6 (M 3. = (AUd)SPS; .

=6 (m)

Q,U,D= Q,U,D) [

sleptons, neutralinos & charginos: M, _=scale (M, E)SPS; A =scale (AI)SPS; M, ,=scale (Mlz)SPS

023121

superpotential: = scale (u)SPS
scale = (SUSY mass scale varied)

100 200 300 400 500 600 700 800 900 1000
ms: [GeV]
1

= the LC(1000)/GigaZ could detect SUSY directly/indirectly
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Example: Prediction for My, and sin? 0. in the SM and the MSSM

02330 [ [ [ [ [ [ [ [ | [ [ [ [ | [ [ [ [
- experimental errors 68% CL.: .
- LEP2/Tevatron (toda .
0.2325 |—m, = 165 .. 175 GeV (foday) MSSM band:
B N\ Tevatron/LHC -
i % ILC/GigaZ ] SCan over
0.2320 _ SUSY masses
. i ]
D ~ 7
N - _ overlap:
= 0.2315 - - : -
@ R . SM is MSSM-like
D . MSSM is SM-like
0.2310 — —
. i SM band:
0.9305 - SM h variation of MM
- MSSM 5
: both models Heinemeyer, Hollik, Weber, Weiglein '08:
02300 | | | | | | | | | | | | | | | | | | |

80.2 80.3 80.4 80.5 80.6
M,, [GeV]

Sven Heinemeyer — Snowmass preparation workshop, BNL, 04/05/'13



Example: Prediction for My, and sin? 0. in the SM and the MSSM

0.2330

0.2325

0.2310

0.2305

0.2300

80.2

— m, =165 .. 175 GeV

experimental errors 68% CL.:
A, (LEP): sin°8_=0.23221+0.00029

SM
MSSM
both models

Heinemeyer, Hollik, Weber, Weiglein 10 7

80.3 80.4 80.5 80.6

M,, [GeV]

MSSM band:
scan over
SUSY masses

overlap:
SM is MSSM-like
MSSM is SM-like

SM band:
variation of M3M
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Example: Prediction for My, and sin? 0. in the SM and the MSSM

0.2330

0.2325

0.2310

0.2305

0.2300

80.2

— m, =165 .. 175 GeV

experimental errors 68% CL.:
. 1 2 —
A i (SLD): sin"6_, = 0.23098+0.00026

SM
MSSM
both models

Heinemeyer, Hollik, Weber, Weiglein 10 7
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scan over
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overlap:
SM is MSSM-like
MSSM is SM-like

SM band:
variation of M3M
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Effects of SUSY masses:

= extensive parameter scan:

Parameter Minimum Maximum

7 -2000 2000

Mg, = My . 100 2000

Mg, = My, = Mp | 500 2000

Mg, 100 2000

Mg, 100 2000

Mp, 100 2000

Ac=A, = A, -3 Mg 3 Mg

A, = Ag= A, = A, -3 Mg, 3 Mg,
Ay -3max(Mgp,, Mp ) 3max(Mg,, Mp,)
Ay -3max(Mgp,, Mg,) 3max(Mg,, Mg,)

tan g 1 60

M3 500 2000

M4 90 1000

Mo 100 1000
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Effects of charginos and staus: [S.H., G. Weiglein, |.. Zeune '12 - PRELIMINARY]

80.60

80.5
>
Q
2
=
=
80.4
80.30 —SM MH =125.9%1.2 GeV MSSM, HB allowed L
B SM, MSSM L
Heinemeyer, Hollik, Stockinger, Weiglein, Zeune '12
_Illllllllllllllllllllll_

168 170 172 174 176 178
m, [GeV]
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Effects of charginos and staus: [S.H., G. Weiglein, |.. Zeune '12 - PRELIMINARY]

80.50

80.45 |

M,, [GeV]

80.40

80.35 |

Heinemeyer, Hollik, Stockinger, Weiglein, Zeune '12 ™|

llllIllllIllllllllllllllllllllllll

174 172 173 174 175 176 177 178
m, [GeV]
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Effects of stops: [S.H., G. Weiglein, L. Zeune '12 - PRELIMINARY]

50.40

(SN

: |
Al 500 1000 1500

my, |GeV]

All points HiggsBounds allowed
20
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Effects of stops: [S.H., G. Weiglein, L. Zeune '12 - PRELIMINARY]

80.55 —- ! !
. . : :
- [ ]
‘c‘-:‘c
-
3050 k- 0™ ® ee.. ... ' ......................... oncsmse e s e s e |
N ; 5
S |
— 2 es®
% f-‘;'. " :
- a® :
A ‘ ey |
80).45 .:- ____________________________ ]
:: Sl ® g &
g . o %% o, = ot - . ;.
o “"‘-‘i. -.. L - -
w sed & ) .
80,40 ® o8 2 .
30,35 (O | : :
SN 1000 1500 2000

my, |GeV]

... ® Mg, ,,mG > 1200 GeV
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Effects of stops: [S.H., G. Weiglein, L. Zeune '12 - PRELIMINARY]

80,55 : |
75 1) N ............................ |
i o ?
|
= > P |
5 "i .-
® @ . :
: 840 ... e fbrer ks W e B e s e i e e e s |
b -ﬁ‘..ﬂ M" :
= Fe 3 Sae s @ :
=2 v :
g ) "Ll [ ] - [ ] L] ' &
. e iy W 5
Cof WO
ket e g L4 A [
80.40 - L . e
I f :
80.35 SN i i |
500 1000 1500 2000

my, |GeV]

...@m5i>5OOGeV
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Effects of stops:

[S.H., G. Weiglein, L. Zeune '12 - PRELIMINARY]

80,50

80.50

50.40

80,35

T T
o
ey ST T T TR & ...;....-.‘ .................................................................................. =3
o§ o
- a
>,
. *°, .. & ™
> ." ® .
2 -‘.. -"- e _8
% *’
SM i i i
a0 1000 1500 2000

my, |GeV]

D mp,m 5 My o > 500 GeV (but X1 remains LSP)
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Effects of stops, sbottoms, My,:

80.60

80.50

M, [GeV]

80.40

80.30

| SM[M,, = 1259+ 1.2 GeV

[S.H., G. Weiglein, L. Zeune '12 - PRELIMINARY]

MSSM, HB allowed

SM, MSSM [
Heinemeyer, Hollik, Stockinger, Weiglein, Zeune '12

168 170

light blue: mg, mz > 500 GeV, m
? J

172 174 176 178
m, [GeV]

7100 M5 > 1200 GeV
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Effects of stops, sbottoms, My,:
8060 | [ [ [ | [

[S.H., G. Weiglein, L. Zeune '12 - PRELIMINARY]

80.50

M, [GeV]

80.40

80.30

| SM[M, =125.9+1.2 GeV

Heinemeyer, Hollik, Stockinger, Weiglein, Zeune '12

- experimental errors 68% CL.:

LEP2/Tevatron: today

MSSM
SM, MSSM

168 170

light blue: mg, mz > 500 GeV, m
? J

172

~

q1,2’

174
m, [GeV]

mg > 1200 GeV

176 178
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Effects of stops, sbottoms, My,:

80.60

80.50

M, [GeV]

80.4

80.30

- experimental errors 68% CL.:

LEP2/Tevatron: today

| SM|M,, =125.9 + 1.2 GeV MSSM B

SM, MSSM [

Heinemeyer, Hollik, Stockinger, Weiglein, Zeune '12

168 170 172 174 176 178
m, [GeV]

= light stop all over the place, no restrictions possible!

[S.H., G. Weiglein, L. Zeune '12 - PRELIMINARY]
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4. Conclusinos

e EVWPO can give valuable information about unknown parameters

e Main EWPO: My, sin?0sr, (9 —2)pu, My, ...

e Correct inclusion of uncertainties is crucial for reliable interpretations

my¢ gives largest uncertainties

e Fits so far only possible in GUT based models: CMSSM, NUHM1, .

= perfect fit for my and My

e sin? 0. needs to be clarified with GigaZ
could find deviations beyond LHC
could rule out SM and/or MSSM

e MSSM parameter scan for Myy:
— Effects of sleptons: = 70 MeV
— Effects of charginos: = 20 MeV
— mg, < 1.5 TeV can give “good” My,

Sven Heinemeyer — Snowmass preparation workshop, BNL, 04/05/'13
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Back-up
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GUT based models: 1.) CMSSM (sometimes wrongly called mSUGRA):

= Scenario characterized by

mo, m1/27 AO) tanﬁa Sign:u

mo . universal scalar mass parameter

mq /o © universal gaugino mass parameter { gt the GU'T scale

Ap @ universal trilinear coupling

J

tan B : ratio of Higgs vacuum expectation values

sign(u) : sign of supersymmetric Higgs parameter

= particle spectra from renormalization group running to weak scale
= Lightest SUSY particle (LSP) is the lightest neutralino

Sven Heinemeyer — Snowmass preparation workshop, BNL, 04/05/'13 24



“Typical” CMSSM scenario

(SPS 1a benchmark scenario):

Strong connection between

all the sectors

800

m [GeV]

700

600

500

400

300

200

100

Uy dp ——
UR, dL —_—

>zg Xi
X3 e
% G
X} ——

b,

S
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GUT based models: 2.) NUHM1: (Non-universal Higgs mass model)

Assumption: no unification of scalar fermion and scalar Higgs parameter
at the GUT scale

= effectively M 4 or p as free parameters at the EW scale

= besides the CMSSM parameters

My or u

And there is more: 3.) VCMSSM
4.) MSUGRA
5.) NUHM?2
... No time here ...

Sven Heinemeyer — Snowmass preparation workshop, BNL, 04/05/'13
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Possible future scenario:

T T T T | T T T T | T
- predictions for M,y and sin26eff
0.2318 |- ®P =2.0GeVv
i P =0.1 Gev
SM: My =115 GeV | m,=115GeV, 8Aq,_ =510
i /
MSSM
MSSM: SPS 1b 02316 (SPS1 /
all SUSY parameters varied " - \
within realistic errors % i SM¥ )
0.2314 — I'
| prospective exp. errors 68% CL.: \
- — — LHC/LC \
B GigaZz
02312 | | | | | | | | | | |
80.30 80.35 80.40

M,, [GeV]

(5mt = 0.1 GeV vs. dmy = 2 GeV
= SM: improvement by a factor ~ 10
= MISSM: improvement by a factor ~2 — 3
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Prediction of M; in the CMSSM/NUHM1

[O. Buchmiiller, R. Cavanaugh, D. Colling, A. De Roeck, M. Dolan, J. Ellis, H. Flacher,

SH, G. Isidori, K. Olive, S. Rogerson, F. Ronga, G. Weiglein]

General idea:

Take the most simple MSSM versions: CMSSM/NUHM1
— just three/four GUT scale parameters 4+ tang
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Prediction of M; in the CMSSM/NUHM1

[O. Buchmiiller, R. Cavanaugh, D. Colling, A. De Roeck, M. Dolan, J. Ellis, H. Flacher,

SH, G. Isidori, K. Olive, S. Rogerson, F. Ronga, G. Weiglein]

General idea:

Take the most simple MSSM versions: CMSSM/NUHM1
— just three/four GUT scale parameters 4+ tang

— combine all electroweak precision data as in the SM
— combine with B physics observables

— combine with CDM and (g — 2)y,

— include SM parameters with their errors: my, . ..

— scan over the full CMSSM/NUHM1 parameter space
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Prediction of M; in the CMSSM/NUHM1

[O. Buchmiiller, R. Cavanaugh, D. Colling, A. De Roeck, M. Dolan, J. Ellis, H. Flacher,

SH, G. Isidori, K. Olive, S. Rogerson, F. Ronga, G. Weiglein]

General idea:

Take the most simple MSSM versions: CMSSM/NUHM1
— just three/four GUT scale parameters 4+ tang

— combine all electroweak precision data as in the SM
— combine with B physics observables

— combine with CDM and (g — 2)y,

— include SM parameters with their errors: my, . ..

— scan over the full CMSSM/NUHM1 parameter space
= preferred Mj; values
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CMSSM: red band plot

(no LHC data):
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NUHM1: red band plot (no LHC searches):

[2009]
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= naturally above LEP limit
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CMSSM: post-LHC (545 fb~1) red band plot:
[2012]
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NUHM1: post-LHC (545 fb~1) red band plot:

[2012]
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Predictions for early LHC searches:

— combine all electroweak precision data as in the SM

— combine with B physics observables

— combine with CDM and (g — 2)y,

— include SM parameters with their errors: m;, My, Aapag

= 2 function

— scan over the full CMSSM/NUHM1/. .. parameter space
~ 2.5 107 points samples with MCMC

statistical measure: X2 function (Frequentist, no priors)
— final minimum: Minuit
Ax?: 68, 95% C.L. contours

— preferred CMSSM/NUHM1/. .. parameters
= LHC (/ILC) reach
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LHC (CMS) @ CMSSM analysis:
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LHC (CMS) @ NUHM1 analysis:
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